The ubiquitin pathway is involved in the proteolytic turnover of many short-lived cellular regulatory proteins. Since selective degradation of substrates of this system requires the covalent attachment of a polyubiquitin chain to the substrates, degradation could be counteracted by de-ubiquitinating enzymes (or isopeptidases) which selectively remove the polyubiquitin chain. Unp is a human isopeptidase with still poorly understood biological functions. Here, we show that cellular Unp speci®cally interacts with the retinoblastoma gene product (pRb). Oncogene (2001) 20, 5538 ± 5542.
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The ubiquitin-speci®c processing proteases (Ubps) are part of a more general class of proteolytic enzymes known as de-ubiquitinating enzymes (Dubs) (reviewed in Wilkinson, 1997 Wilkinson, , 2000 . The best characterized Ubps (e.g. Ubp4 and Ubp14) seem to act at a proteasomal or post-proteasomal' level. In yeast deletion of doa-4, the gene encoding Ubp4, results in the accumulation of small ubiquitinated species, suggesting that it normally functions by disassembling polyubiquitin chains on protein fragments that come out from the proteasome (Papa and Hochstrasser, 1993) . Disassembly of the ubiquitin chain to release ubiquitin monomers is catalyzed by Ubp14 (also known as Isopeptidase T) (Americk et al., 1997; Wilkinson et al., 1995) . In addition, Ubps may work at a proteasomal level bỳ editing' the number of ubiquitin moieties in the polyubiquitin chain as a safeguard against degradation of poorly or erroneously ubiquitinated proteins (Lam et al., 1997; Shaeer and Cohen, 1996) . It has been hypothesized that Ubps also can work at a`preproteasomal' level by removing the polyubiquitin chain from speci®c substrates, preventing and regulating their degradation. So far, this hypothesis is substantiated only by few genetic data. Heterozygous mutations of the Drosophila genes encoding some 20 S proteasome subunits (Huang et al., 1995) as well as the ubiquitinconjugating enzyme UbcD1 (Wu et al., 1999) are able to suppress the phenotype determined by the lack of faf, a gene encoding for a Ubp. This would indicate that in the absence of Faf an important cellular regulator is degraded rapidly unless general degradation is slowed down. In addition, the large number of Ubp family members and the fact that dierent Ubps do not show signi®cant homology outside of their active catalytic sites also suggest a speci®city of interaction with de®ned substrates. A murine homolog of Faf termed Fam (fat facets in mouse) was isolated from embryonic stem cells (Wood et al., 1997) . Several potential substrates for Faf/Fam have been suggested, including Af-6, epsin and b-catenin (Cadavid et al., 2000; Isaksson et al., 1997; Kanai-Azuma et al., 2000; Taya et al., 1998 Taya et al., , 1999 .
Only few mammalian Ubps have been characterized so far. Intriguingly, most of them have been shown to be involved in growth control and/or oncogenesis (reviewed in Wilkinson, 1997) . One of these is Unp (ubiquitous nuclear protein), is a mammalian Ubp with interesting enzymatic characteristics. Speci®cally, Unp and the related Usp15 isopeptidase are the only two known Ubps able to eciently cleave the ubiquitinproline bond in ubiquitin fusion proteins of dierent sizes (Baker et al., 1999; Gilchrist et al., 1997) . However, Unp biological functions are still poorly understood (Frederick et al., 1998; Gray et al., 1995; Gupta et al., 1993 Gupta et al., , 1994 . In fact, Unp has been suggested to be the product of an oncogene (Gupta et al., 1994) as well as the product of a tumor suppressor gene (Frederick et al., 1998) . We have been interested in the regulation of the mammalian cell cycle by the ubiquitin pathway and here we present our study on Unp demonstrating its interaction with the product of the retinoblastoma gene.
We ®rst produced and characterized an antibody to this protein. A peptide corresponding to the Cterminus of human Unp was used to immunize rabbits. In Figure 1a ,b, results of immunoblotting and immunoprecipitations from human Jurkat cells are presented. One of the two obtained anti-sera and the anity-puri®ed (AP) anti-Unp antibody recognized a single band corresponding to a M r 108 000 cellular protein migrating slightly faster than the histidine-tagged recombinant human Unp protein (his-Unp). Using a low-density SDS ± PAGE (8%), it was possible to resolve and distinguish the two alternative spliced Unp isoforms (Frederick et al., 1998) , one of which has a 47 amino acid deletion (see Figure 1b , lane 8). Antibody speci®city was further demonstrated by the fact that immunoreactivity was abolished after preincubation of the antibody with the antigenic peptide but not with a non-relevant peptide corresponding to the N-terminus of human Unp ( Figure 1b , lanes 8 and 9).
The previously reported human and mouse Unp sequences were incomplete and contained some sequences errors (Gray et al., 1995; Gupta et al., 1993; Kozak, 1996) . The corrected sequences (Frederick et al., 1998) revealed the presence of a`LxCxE motif' in both mouse and human cDNAs which is conserved also in C. elegans and Arabidopsis thaliana Unp homologs. The Unp LxCxE motif ( Figure 2a ) is shared with other proteins including the DNA-viral oncoproteins E1A, SV-49 Large T, and HPV E7, as well as cellular proteins such as D type cyclins, the RNA polymerase I transcription factor UBF, HistoneDeacetylase, etc. This motif has been shown to be involved in the binding of all these proteins to the retinoblastoma protein (pRb) (reviewed in Taya, 1997) . To test whether Unp interacts with pRb in vivo, we performed immunoprecipitations from Jurkat cell extracts with either the AP antibody to Unp, an AP normal rabbit IgG, or an AP antibody to Ubp-Y, another human Ubp (Figure 2b ). The antibody to Unp speci®cally co-immunoprecipitated pRb as detected by immunoblotting. Speci®cally, Unp was found in association mainly with the hypophosphorylated forms of pRb. This was evident when the Unpassociated pRb form (Figure 2b , lane 3) were compared to the pRb species present in an extract from G0 human ®broblasts (which only have the hypophosphorylated form, lane 2) or the pRb species present in an extract from proliferating cells (which have several phosphorylated pRb forms with dierent mobility, lane 1). The Unp-pRb association was con®rmed using a pull-down assay. Beads covered with His-Unp, but not with control proteins ( Figure  2b , lanes 6 ± 8), were able to pull down the dephosphorylated and hypophosphorylated forms of cellular pRb.
The ®nding of an in vivo association between Unp and pRb prompted us to look at the size of Unp containing complexes. Jurkat cell extracts were subjected to gel ®ltration chromatography and fractions were analysed by immunoblotting (Figure 2c) . Unp eluted as a major peak at 100 ± 200 kDa, indicating that approximately 50% of cellular Unp is monomeric while the other 50% is complexed with one or more proteins. Interestingly, Unp species migrating at about 200 kDa co-puri®ed with dephosphorylated and hypophosphorylated pRb forms Figure 1 Recognition of human Unp in whole cell lysates using a novel polyclonal anti-C-terminal peptide antibody. Protein extraction and immunoblot analysis were performed as described . Immunoprecipitations were performed as described (Montagnoli et al., 1999) . The rabbit polyclonal antibody to Unp was produced as described (Pagano, 1995) . Rabbit polyclonal antibodies to cyclin A (Pagano et al., 1992) and to p27 (Montagnoli et al., 1999) were previously described. Mouse monoclonal to Rb (cat #14001A) was from PharMingen. Finally, to test whether the interaction between Unp and Rb is mediated by the LxCxE region, we generated two Unp mutants. The ®rst had a single amino acid substitution in the LxCxE motif Unp (E463Q), while in the other triple mutant (TP) the LxCxE motif was changed to AxRxH. Using the AP antibody to Unp we co-immunoprecipitated Rb from cells overexpressing wild type Unp and Rb (Figure 2d , lanes 2 and 5, bottom panel). Immunoprecipitation of the Unp binding mutants brought down signi®cantly reduced amounts of Rb (lanes 3 and 6, bottom panel). We concluded that LxCxE motif contributes to the association of Unp with Rb.
We then analysed the levels of Unp protein during the cell cycle in both non-transformed and transformed cell lines using dierent methods of synchronization. IMR-90 cells are non-transformed, nonimmortalized human diploid lung ®broblasts that arrest in G0 after serum deprivation for 3 days (as con®rmed by¯ow cytometry; data not shown). Arrested cells were stimulated by serum re-addition and monitored for a period of 36 h. Cells started to synthesize DNA approximately 16 h after serum addition and by 24 h about 80% of the cells had entered S phase (as monitored by BrdU incorporation; data not shown). We analysed by immunoblotting the levels of Unp protein after the cells had been stimulated to reenter the cell cycle. Following serum re-addition the total amount of Unp protein remained constant (Figure 3a) . Similar results were obtained in HeLa cells, a human cervical carcinoma cell line that was synchronized by a dierent method. HeLa cells cultured in the presence of nocodozole for 20 h arrest in mitosis, become rounded and lift o the plate. These cells are collected and plated in fresh medium to release the mitotic block. Following stimulation of cell cycle progression, the total amount of Unp protein remained constant (Figure 3b ). In addition, we determined the expression of Unp in LNCaP prostate carcinoma cells in response to proliferationinducing (1 ± 10 nM) or dierentiation-inducing (50 ± 100 nM) concentrations of dihydrotestosterone (DHT) (Figure 3c ). Unp levels did not change in LNCaP cells stimulated by DHT to proliferate or induced by DHT to express prostate speci®c antigen (PSA), a dierentiation marker. Similarly, Unp levels did not change D Figure 2 Unp associates with pRb in vivo through its LxCxE motif. (a) Amino acid sequence comparison of Unp and the pRb binding domains of viral onco-proteins. Bold letters indicates identical/homologous amino acids; underlined letters indicate non-polar side amino acids that follow the LxCxE motif and are important for its binding to pRb (Lee et al., 1998) This study shows the interaction between the isopeptidase Unp and the tumor suppressor pRb via the LxCxE motif of Unp. Unp also physically interacts with other pocket proteins such as p107 and p130 (D Gray, personal communication) . Although many proteins have been reported to interact with pRb, only a minor number has been shown to interact in vivo and without overexpression, as in the case of Unp. The substrates of Unp are not known, however, enforced expression of Unp, a Unp catalytic site inactive mutant [Unp(C311A)] or Unp(E463Q) mutant does not aect the overall protein ubiquitination in cultured cells (Figure 4a ) as previously shown for Ubp-Y expression (Naviglio et al., 1998) . This was despite the fact that Unp and Ubp-Y were overexpressed to similar levels as compared to the endogenous proteins (Figure 4b ) and the fact that exogenous Unp and Unp(E463Q) mutant, but not Unp(C311A) mutant, when immunoprecipitated from cell extracts were active on a synthetic substrates (data not shown). This result suggests that Unp, rather than regulating the overall function of the ubiquitin-proteasome pathway, acts on a discrete number of speci®c substrates. The fact that Unp physically associates with Rb, together with the dierential expression of Unp in tumor cell lines compared to diploid cells (Frederick et al., 1998; Gray et al., 1995) suggests a role for this isopeptidase, in cancer. 
